To discuss nondaily preexposure prophylaxis (PrEP) modalities that may provide advantages compared with daily PrEP in cost and cumulative toxicity, but may have lower adherence forgiveness.
INTRODUCTION
In 2012, the US Food and Drug Administration approved daily tenofovir disoproxil fumarate (TDF) in combination with oral emtricitabine (FTC) (Truvada) for preexposure prophylaxis (PrEP) to prevent HIV infection in men and women [1] . The decision to approve daily Truvada for PrEP was based on efficacy of 44-75% in several placebo-controlled PrEP trials [2] [3] [4] . These trials also highlighted the importance of adherence to the daily oral regimen as only $50-80% of active arm participants had consistently quantifiable tenofovir in plasma, a biomarker of adherence. Quantifiable drug in plasma increased the efficacy estimates to $74-92%. Very low adherence ($30%) likely contributed to why two clinical trials among young African women (VOICE and FEM-PrEP) failed to show any efficacy of either daily TDF or Truvada [5 && ,6] . The clinical development of PrEP has benefited from animal studies that have provided proof-of-concept of efficacy of this prevention strategy and informed trial designs.
Following the demonstration of efficacy by daily TDF/FTC in macaques, attention has shifted to the assessment of nondaily TDF/FTC regimens as these regimens might align better with episodic sexual practices, and result in lower drug toxicities and reduced costs compared with daily regimens. Event-driven or on-demand dosing has been the focus of microbicides development, a related PrEP strategy delivering topical antiretroviral drugs through gels or other formulations. Here, we will review the preclinical and clinical information on nondaily PrEP as a strategy for HIV prevention, with a focus on event-driven dosing.
VIROLOGIC CONSIDERATIONS
The goal of event-driven PrEP is to deliver effective drug concentrations to HIV-exposed tissues and/or systemically at the time of potential HIV exposure, and at a time when HIV is most vulnerable [7] . This will require strategic dosing relative to the HIV exposure. This differs from the goal of daily PrEP which is to sustain effective steady-state drug concentrations in HIV-exposed tissues and/or systemically throughout therapy to protect the individual should an HIV exposure takes place. HIV is most vulnerable during the initial hours to days following an HIV exposure [8] . The events during this vulnerable time have been elucidated for simian immunodeficiency virus (SIV) infection in macaques, as a model for HIV in humans [7] [8] [9] [10] . After SIV inoculation in the vaginal vault, virus is rapidly diluted and cleared except for some trapping in mucus. A low number of viruses may cross the mucosal barrier (higher numbers if the mucosa is not intact) where they may encounter and infect a small number of CD4-bearing cells creating a founder population in the mucosal tissue. This process starts within hours and takes about 1-3 days to become established. It is thought that the virus is generally localized to the mucosal tissue during this time, but virus has also been observed in lymph nodes, so this may not be absolute [10] . It is during these early events that the virus is most vulnerable, so event-driven antiretroviral prophylaxis will be most effective when drug is present within the first hours of exposure to HIV [7] .
The length of time that the drug must be present is less clear for event-driven dosing. It is likely that the length of time will be dependent on whether any viral replication may have taken place initially. Theoretically, if effective drug concentrations were present early, this would prevent any viral replication compared with a situation where drug concentrations were not present or high enough such that early rounds of viral replication were to have occurred. In such a case, the duration of drug action would need to be longer to adequately cover the time to prevent viral spread. This was manifested in postexposure prophylaxis (PEP) studies in macaques in which short treatment of 2-3 days with either tenofovir or tenofovir/FTC combination initiated 24 h after exposure was not protective, whereas longer treatment durations up to 4 weeks were needed for efficacy [11, 12] . This is a compelling rationale for preventing early stages of replication with effective drug concentrations.
PHARMACOLOGIC CONSIDERATIONS
It is important that the PrEP agents distribute and adequately accumulate in mucosal tissue (e.g. vaginal, rectal and penile) where these initial virologic events are localized [13, 14] . The possibility of virus escaping to lymph nodes at early time points suggests that systemic drug concentrations may be important as a 'back-up' for this potential scenario. The relative importance of systemic versus mucosal drug concentrations has not been evaluated. It is possible that 'back-up' systemic drug may contribute to PrEP efficacy. For example, PrEP trials of oral TDF-FTC dosing (e.g. [2, 4] ) generally performed better compared with PrEP trials of topical dosing with tenofovir gel (e.g. [15, 16] ), wherein mucosal drug concentrations exceed those of oral dosing by more than 100-fold [17] . However, it is unclear whether the lower effectiveness of topical dosing reflects a lower biological efficacy or simply a generally lower adherence to the topical product. In macaques, both oral TDF/FTC and tenofovir gel were found to be highly protective [12, [18] [19] [20] [21] .
Mucosal drug distribution studies have focused on cervicovaginal and rectal tissues as these compartments are more accessible compared with penile tissue. Vaginal and rectal drug distribution has been elucidated for multiple antiretrovirals (see reviews [14,22 & ]) including the current oral PrEP agents, tenofovir and emtricitabine. These agents are nucleos(t)ide analogs that require phosphorylation in cells for pharmacologic activation. The resulti ng intracellular anabolites, tenofovir-diphosphate (TFV-DP) and emtricitabine-triphosphate (FTC-TP) are ion-trapped thereby extending their half-life at
KEY POINTS
Lower cost, less toxicity and better adherence are potential advantages of event-driven dosing.
Animal models support event-driven dosing for rectal and cervicovaginal exposures, but data for penile exposures are not available.
Pharmacology studies show the preferential accumulation of tenofovir-diphosphate in rectal versus cervicovaginal tissue.
Human studies show promise for event-driven dosing in MSM, but research is needed to guide the field for women and heterosexual men.
Event-driven PrEP is likely to have less forgiveness for missed doses compared with daily dosing.
Nondaily preexposure prophylaxis for HIV prevention Anderson et al.
the site of action [23] . The longer half-life results in a build up from the first dose to steady-state concentrations. This build up takes several half-lives to reach the steady state plateau. This is relevant for event-driven dosing because single (or a few) doses will result in low concentrations relative to steadystate concentrations achieved with daily dosing. These lower concentrations suggest a lower margin for error in terms of missed doses for event-driven dosing. Table 1 [24-27 & ] lists half-lives, accumulation factor and time to reach steady state, as well as genital and rectal distribution relative to blood for TFV-DP and FTC-TP following oral dosing [24-26,27 & ]. These pharmacokinetic parameters appear to be similar in the macaque model [12, 28] .
TFV-DP accumulates to several-fold higher concentrations in rectal compared with vaginal tissue and cells, suggesting preferential activity for prophylaxis of rectal HIV transmission [22 & ,29,30] . Indeed, high activity has been observed for TDFcontaining PrEP regimens in clinical trials among MSM [3, 31, 32] . A potential mechanism for high TFV in the rectal tissue may be its $30% bioavailability [33] such that 70% of the dose remains in the gastrointestinal tract providing high local concentrations. Conversely, FTC-TP accumulates quickly but relatively poorly in rectal tissue and cells (consistent with nearly complete bioavailability) [34] , with better concentrations in vaginal tissue and cells, suggesting high activity for vaginal transmission. However, the Partner's PrEP study did not find an efficacy difference for TDF alone versus TDF and FTC among the women subgroup [35 && ]. Penile drug distribution has not been adequately studied in humans, but limited data in macaques following oral TDF/FTC dosing show TFV-DP concentrations in urethra and foreskin within the range seen in vaginal tissues (CDC, unpublished data). Furthermore, the high PrEP efficacy observed in heterosexual men suggests sufficient drug exposure from daily oral dosing [ 6] . It is possible that differential drug penetration in mucosal tissue, as described above, could at least partly explain these findings, but the confidence intervals are wide and inconclusive [22 & ,40]. Nevertheless, the differences in mucosal pharmacokinetics (PK) may imply that nondaily dosing such as event-driven dosing may have less pharmacokinetic forgiveness for cervicovaginal or possibly penile exposures compared with rectal exposures. This should be an area of more research in terms of nondaily PrEP for vaginal and penile HIV prevention.
ANIMAL MODEL SUPPORT
Macaque models of SIV or SHIV (a SIV/HIV chimera) transmission have been extensively used to investigate the efficacy of tenofovir and FTC in preventing infection either as preexposure or PEP. Studies on SIV-exposed macaques receiving PEP with tenofovir showed that PEP was most effective when initiated soon after exposure and continued for 4 weeks, and helped define guidelines to manage occupational and nonoccupational HIV exposures in humans [11, 41] . Indications that ARV drugs administered as PrEP could also prevent infection came from studies with subcutaneous TFV and oral SIV inoculations [42, 43] . More recent work using oral doses of FTC and TDF that recapitulate human therapeutic doses provided proof-of-concept of efficacy for daily PrEP with FTC/TDF [19] . In addition to using clinically relevant FTC/TDF doses, these studies used novel repeat low-dose macaque models that better mimic human transmission of HIV in many aspects including the use of a SHIV162p3 isolate containing an R5-tropic envelope similar to that of most transmitted HIV, an inoculum dose within the range of HIV-1 RNA levels in semen during acute infection and once or twice weekly virus challenges to mimic high-risk human HIV exposure [44, 45] . PrEP evaluations with the repeat low-dose model generally use rhesus or pigtail macaques. Although both macaque species are suitable for rectal efficacy studies, analysis of vaginal efficacy has focused on pigtail macaques because pigtails have lunar menstrual cycles and changes in hormone levels similar to humans [46, 47] . The pigtail macaque menstrual cycle averages 32.8 days and recapitulates potential fluctuations in susceptibility to HIV or SIV infection associated with the follicular and luteal phase of the menstrual cycle [21, 47, 48] . Pigtails can also be easily infected vaginally with low virus doses without the use of exogenous progestins such as depot-medr oxyprogesterone acetate (DMPA) [21,47,49 & ,50] . Although treatment of rhesus macaques with high DMPA doses also ensures vaginal infection at lower virus doses, this DMPA dose does not fully reproduce the biological effects of DMPA seen in women [50] .
Studies with the repeat low-dose model have assessed the potential for time-driven and eventdriven intermittent PrEP usage as an alternative to daily PrEP [12] . Time-driven modalities were selected to model regimens containing 1 or 2 weekly pills followed by a booster postexposure dose. For these studies, macaques received FTC/TDF orally either 3 or 7 days before SHIV challenge followed by a postexposure dose given 2 h later. Both scenarios were highly protective with reductions in the risk of infection of 15.4 and 9.3 ( Table 2 ) [12] . Interestingly, protection by the -3 day PrEP dose was lost when the booster dose 2 h after challenge was not administered to the macaques (Fig. 1) , indicating that the duration of drug action was not long enough with the single preexposure dose. Although the superior efficacy in the -3 day/þ2 h group may be explained by the high TFV-DP concentrations achieved with 2 weekly FTC/TDF doses [28] , these findings also highlighted the importance of the postexposure dose for efficacy.
In a different design, macaques received two FTC/TDF regimens modeling event-driven PrEP usage. These regimens were initiated 24 h or 2 h prior to virus exposure and also contained a booster PEP dose given 24 h after the initial PrEP dose. Table  2 shows that the -24 h/þ2 h modality was highly protective with a 16.7-fold reduction in the risk of infection. Although the -2 h/þ24 h modality also reduced the risk of infection significantly, efficacy in this scenario was substantially increased when the dose of FTC/TDF was doubled ( Table 2 ) [12] . The efficacy of this double FTC/TDF regimen has informed the design of the IPERGAY trial described below.
The aforementioned studies have provided an extensive proof-of-concept for time-driven and Table 3) . Modifications of this model to assess the impact of factors that can increase HIV susceptibility such as sexually transmitted infections (STIs) or DMPA provided important information. Prolonged administration of a physiologic dose of DMPA was found to have no impact on the efficacy of a -24 h/þ2 h FTC/ TDF regimen [21,49 & ,50] . The high protection seen with DMPA was reassuring as DMPA is the most commonly used method of contraception in sub-Saharan Africa and has been associated with higher risk of HIV infection in some studies [51, 52] . Assessing the same PrEP modality in macaques coinfected with Chlamydia trachomatis and Trichomonas vaginalis also found protection although infection in some animals signaled a modest loss of PrEP activity because of these two STIs [53] . No macaque data are available against penile SHIV transmission. More research is needed to develop penile PrEP models in macaques to inform clinical trials.
HUMAN EXPERIENCE
The HPTN 067 (ADAPT) study compared adherence and 'coverage of sex acts' for three oral TDF-FTC dosing regimens; daily, twice-weekly (3-4 days apart) with a postsex dose, or event-driven dosing (24-48 h before and 2 h after sex) [54] [55] [56] . Coverage of sex acts was defined as at least one TDF-FTC dose within 4 days preceding sex and within 24 h after sex. This was determined with drug concentrations and self-report. The study was conducted in South African women, Thailand MSM and Harlem MSM. The study was not powered to compare the efficacy of the dosing regimens. The initial findings suggested that MSM may have better adherence to time-driven and event dosing compared with women as measured by coverage of sex acts. The post-sex dose was missed most often, which has been reported in other studies [57] . As mentioned above, event-driven PrEP is unlikely to have the same level of pharmacokinetic forgiveness as daily dosing. Furthermore, event-driven dosing also assumes that individuals use advanced planning for their sexual encounters and that they can predict which encounters may result in HIV exposure. However, some studies indicate that over half of MSM do not plan sex in advance [58] . These considerations will be important as nondaily dosing studies evolve.
Molina et al. [31] undertook the IPERGAY trial in 414 MSM in France and Canada. IPERGAY was a placebo-controlled study that evaluated a double dose of TDF-FTC 2-24 h before sex, another tablet 24 h later and a fourth tablet 48 h after the initial dose. All participants received full preventive services. The relative risk reduction for TDF-FTC compared with placebo was 86% (95% CI 40-99); two infections in the TDF-FTC arm versus 14 in the placebo arm. The two infections in the TDF-FTC arm were in participants who had stopped using the product and did not have detectable drug in their plasma at the visit that infection was diagnosed (or the visit before), suggesting that biological efficacy may be even higher than 86%. IPERGAY provides invaluable information on the duration of drug action for event-driven PrEP in MSM, as it used two doses following the last potential exposure.
There has been some question about whether IPERGAY adequately tested event-driven PrEP, because many participants had frequent sex such that they dosed most days of the month [59] . The median number of tablets used per month in IPER-GAY was 16 [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] 22 & ,23], that is four tablets per week on average, as measured by pill counts. The high efficacy in IPERGAY supports pharmacology analyses from the iPrEx trial in MSM that predicted high protection for four or more tablets per week on average.
Of the 48 active-arm seroconverters in iPrEx, only three of 42 (7%) had quantifiable TFV-DP concentrations in PBMC at the visit with first evidence of HIV infection; concentrations were 4.2, 10.5 and 14.7 fmol/10 6 PBMC [36] . An inferred HIV risk-reduction model was fit to the TFV-DP and HIV acquisition data using cases and controls. A TFV-DP concentration of 9 fmol/10 6 PBMC (95% CI 1-16) was associated with a 75% reduction in HIV risk (EC 75 ) relative to placebo , the EC 90 was 16 fmol/10 6 cells (95% CI 3-28) and the EC 99 was 33 fmol/10 6 cells (95% CI 6-60) [36] . A separate pharmacokinetic study called STRAND [60] used directly observed dosing in 21 participants and defined expected TFV-DP concentrations for 2, 4 and 7 tablets per week; median concentrations were 11, 32, 42 fmol/10 6 cells, respectively. When the iPrEx model was used to analyze STRAND concentrations, the estimated HIV risk reduction was 76% (95% CI from 56 to 96%), 96% (95% CI from 90 to >99%) and 99% (95% CI from 96 to >99%) for 2, 4 and 7 doses per week [36] . Similar findings were reported from the iPrEx OLE study among 1603 MSM participants, of who 1225 received PrEP. Of 28 infections during PrEP, 0 of 28 occurred in participants who had dried blood spot (DBS) concentration of TFV-DP at least 700 fmol/punch (100% efficacy, 95% CI 86-100%), and one of 28 occurred in those with a DBS between 350 and 699 fmol/punch (84% efficacy, 95% CI 21-99%) [38 & ]. These concentrations are consistent with at least four pills per week and 2-3 pills per week on average based on pharmacokinetic modeling [61] .
Another analysis with the same iPrEx model may be more relevant to sporadic event-driven dosing strategies. The study used data from Cell-PrEP, which analyzed TFV-DP arising from daily TDF-FTC over the first 7 days [27 & ]. The iPrEx model showed an inferred HIV risk reduction of 77% (95% CI, 40-93%) after one dose, 89% (51-98%) after two doses, 96% (95% CI, 60-100%) after three doses and 98% (67-100%) after four doses. The double dose used for the first dose in IPERGAY is expected to yield a doubling of TFV-DP concentrations [24] , corresponding with inferred risk reduction of approximately 89% (51-98%) after the first dose. Maximal efficacy was predicted to occur after a week of daily dosing in Cell-PrEP, which was also when TFV-DP reached the highest level in rectal tissue. Taken together, these iPrEx analyses are consistent with the IPERGAY findings, suggesting that high efficacy with four successive doses in MSM, even if taken for infrequent sexual encounters.
The efficacy of event-driven dosing with oral PrEP has not been studied adequately in women or heterosexual men at risk for HIV. However, two large placebo-controlled trials in women studied topical 1% tenofovir gel within 12 h before sex and again within 12 h after sex. Topical delivery results in more than 100-fold higher TFV-DP in mucosal tissue compared with oral dosing, but systemic concentrations in PBMC are much lower [17] . The high local drug concentrations were expected to yield high efficacy, but this was not observed. The CAPRISA trial showed 39% efficacy (95% CI 6-60%) for this topical dosing strategy. However, the efficacy estimate was increased to 54% if adherence was more than 80% as measured by returned gel applicators, and 65% for a TFV concentration of at least 100 ng/ml in cervicovaginal fluid [15,62 & ]. The FACTS 001 trial was similarly designed with the same dosing strategy, but this trial showed no efficacy compared with placebo (0% efficacy, 95% CI -40 to 30%) [16] . This study also evaluated the effect of adherence on efficacy and reported an estimated 52% efficacy (95% CI 3-77%) among women who reported sex within 10 days and who had quantifiable TFV in vaginal specimens. These studies suggest not only a certain level of biological efficacy for topical event-driven dosing of TFV in women particularly with high adherence but also illustrate the limitations of data and complexities of inferring efficacy when a high proportion of study participants is nonadherent. These data also suggest the need to identify more desirable topical products for women such as rings, fast dissolving vaginal formulations or similar modalities that are currently under development.
Although event-driven modeling in macaques demonstrated high vaginal efficacy in cycling and DMPA-treated macaques as well as in STI-infected macaques (as described above), it is important to note that event-driven oral TDF-FTC dosing in women may be more sensitive to adherence than in men given the lower mucosal drug distribution in vaginal tissue for TFV-DP [22 & ,40 ]. This potential lack of adherence forgiveness should be a consideration in testing future PrEP modalities in women.
CONCLUSION
Event-driven dosing may provide an option for people unwilling to commit to chronic daily oral therapy, and it would be expected to reduce drug costs and improve long-term safety. Event-driven dosing of TDF-FTC for MSM is supported by high efficacy in well-established animal models, efficacy in a clinical trial (IPERGAY) and substantial pharmacology data including iPrEx and Cell-PrEP that predict high efficacy for less than daily dosing. It will be interesting to see the next steps for studying event-driven TDF-FTC for MSM, such as demonstration projects, and how these data might inform recommendations for event-driven PrEP for MSM.
The potential for event-driven oral dosing of TDF-FTC for HIV prevention in women and heterosexual men is not yet known but is supported for cervicovaginal transmission by evidence of efficacy in macaque models [21] . Future research of eventdriven PrEP in these populations should be guided by an understanding of the importance of mucosal drug concentrations for PrEP efficacy and defining efficacy sensitivity to adherence. 
Conflicts of interest

REFERENCES AND RECOMMENDED READING
Papers of particular interest, published within the annual period of review, have been highlighted as: & of special interest && of outstanding interest
